null is excited are known as modes. Modes as a function of the angle of incidence are presented graphically on a dispersion curve. Such a curve presents the modes for various phase velocities (calculated from Snell's law and the angle of incidence) as a function of the frequency times plate thickness.
Measuring the dispersion curves for several orientations with the fibers or one orientation for a metallic joint provides significant information about the type of defects and the material properties. The defects characterization is made by analyzing the reflection pattern, whereas the properties are determined using the Simplex inversion process that was recently developed by the authors [5] . Using this inversion process, five stiffness coefficients are determined representing the complete number of coefficients needed to characterize the laminate as a transversely isotropic material. To obtain sufficient information, dispersion curves along three orientations are required. These orientations are 0, 45, and 90 degrees with the top layer fibers.
A function generator (HP3314A) is used to transmit tone-burst signals, with a duration sufficiently long to establish a steady-state condition in the test specimen. The received signals are amplified by a Panametrics 5052PR and converted from an RF to a video signal using a Matec receiver Model 605. The function generator is used in the sweep mode to cover the desirable frequency range. An XY scope presents the amplitude as a function of the frequency using the ramp output of the HP3314A. The reflection spectrum is a convolution of the transducer's characteristic responses and the LLW reflection characteristics with minima representing the modes. The height of the transducer setup is adjusted to generate the lowest minima of the modes while maintaining maximum amplitude of the reflection spectra.
Once the position of the null zone is established, the function generator is switched to operate at single frequency. For selected angles of incidence, a host computer (386 Compaq PC) is used to record the amplitude of the reflected signal as a function of frequency. The angle of incidence is changed in the range of 12 to 50 degrees. The amplitude is digitized with the aid of a gated integrator (made by SRS). The higher the number of angles of incidence at which data are acquired, the more accurate the inversion but the slower the process. Currently, tests are made every 2 degrees.
Th expedite the process of data acquisition and improve the accuracy of identifying the modes, an efficient computer code was developed. The computer controls the function generator to establish the frequency of the tone-burst signals that insonify the part. Using the Boxcar Averager (made by SRS), the software acquires the digitized amplitude of the LLW field at the null zone. The frequency is changed in the desirable range to determine the reflection coefficient. The minima are searched and identified at each angle of incidence at which the transducers are set. The accumulating dispersion data and the current reflection coefficient are displayed side by side on the computer monitor with the minima identified on both (see Figure 2 ). The only minima recorded are those having amplitudes with more than a 4-percent drop in the reflection coefficient at the given frequency. This procedure is taken to reduce the possibility of acquiring noise as data. The angle of incidence is converted to a phase velocity using Snell's law, and the associated minima are saved in a single record of the dispersion curve file.
Since transducers have limited frequency ranges, the dispersion curve is established by using various transducer pairs with frequencies that depend on the plate thickness. The thinner the plate, the higher the frequency, with a typical range of 0.5 to 10 MHz for 1-to 4-mm-thick graphite/epoxy. For each pair, a frequency sweep is conducted within the range of the transducer response up to an amplitude of 20 dB below the maximum on both sides of the frequency that induces the peak. Certain frequency ranges of the transducer spectra overlap, providing a verification of the modes as well as a measure of data accuracy.
To automate the material characterization process, the fiber orientation must be determined to establish the test coordinate system. For this purpose, the polar backscattering method is used with the probe set at the first critical incidence [1] , and the amplitude as a function of the polar angle is monitored.
POLAR BACKSCATfERINO (PBS)
The polar backscattering test is performed with a transmitter at an off-normal angle of incidence to the part surface. Backscattered waves received by the same transducer are amplified and digitized for further processing by the computer. Data are acquired as a function of the angle of incidence and the polar angle with the fiber. This method can be used to determine the fiber orientations as well as imaging transverse cracks, porosity, ply gaps, and impact damage.
A computerized data acquisition system has been modified to measure the polar backscattering response and to perform C-scan imaging. The experimental setup converts the RF response to a video signal that is the same as the one used for the LLW test. The pulser/receiver is a PR5052 and the backscattered signal is gated using 50520 (Panametrics) stepless gate. The gating process is needed to extract the backscattered signal without the high voltage of the main bang. The gated signal is converted from an RF form to video by a Matec Model 605. A position controller provides the angle of incidence to the host computer. The computer acquires the amplitude as a function of the angle (polar or incidence) as defined by the user. Figure 3 Fig. 3 . Backscattering amplitude as a function of the polar angle at a 16.5-degree angle of incidence at 1 MHz for cross-ply MMC rotation. This response is combined with a C-scan system to make polar scans that show the fiber orientations. To visualize the effect of the fiber interface on the response, the C-scan presentation was converted from polar to linear coordinates. Figure 4 gives an example of such a result for unidirectional graphite/epoxy.
COMPOSITE MATERIALS CHARACTERIZATION
In this recent study, the PBS and LLW methods have been combined into one system of material characterization. PBS is used first to determine the fiber orientations of the tested laminate. This is established by measuring the amplitude as a function of polar angle at the first critical angle. For a typical graphite/epoxy, it is in the range of 28 to 30 degrees. The polar angle is changed in the range of 360 degrees with data acquired every 0.2 degree. The polar angle at which maximum backscattering is recorded is the normal to the first layer. This orientation is set by the computer as the 9O-degree direction (see Figure 3 ). Once the computer determines the O-degree fiber direction, the transducer pair is aligned along this axis, and the angle of incidence of the transducers is changed simultaneously. The angle can be changed from 10 degrees to 80 degrees in increments of less than 0.05 degree. The system changes the angle of incidence, while stopping at specific angles programmed by the user. At each angle, the computer sweeps the transmission frequency within the selected range. The range of the frequency sweep depends on the tested part and the range of operation of the transducers. The reflection spectrum, where the amplitude is measured as a function of frequency, is recorded during the sweep. The computer program that was written to find the minima on the reflection spectrum is used to determine the dispersion curves along 0, 45, and 90 degrees for composite laminates or a single curve for a metallic bonded joint. The experimental dispersion curve is then processed by the Simplex inversion algorithm that was developed by the authors [5] . This algorithm determines the elastic properties that provide the best fit between the analysis and the experimental data. Examples of graphite/epoxy multiorientation laminates that were tested are shown in Figures 5 and 6 . In Figure 5 , the dispersion curve for [0, 90]2S is shown and in Figure 6 the dispersion curve for [0, ± 45, 9O]s is shown. The process of determining the dispersion data is becoming very fast, leading to a practical evaluation tool. Currently, we are building a data base to determine the range of variation of the elastic properties in acceptable composites. Further, we are determining the characteristics of defective composites as a means of evaluating the material. 
